Abstract-Modular multilevel converters (M 2 C) are considered an attractive solution for high power drive applications. However, energy balancing within the converter is complex to achieve, particularly when the machine is operating at low rotational speeds. In this paper, a new control system, based on cascaded control loops and a vector-power-voltage (vP V ) model of the M 2 C, is proposed. The control system is implemented in a dq-synchronous frame rotating at ω e rad/s with the external loop regulating the capacitor voltages using proportional-integral (PI) controllers. The internal loop controls the converter currents using PI and resonant controllers. In addition, the control systems required to operate the machine at other points, i.e., at medium and high rotational speeds, are also discussed in this paper. Experimental results obtained with an M 2 C-based drive laboratory prototype with 18 power cells are presented in this paper.
T HE modular multilevel converter (M 2 C) is a relatively new power converter topology originally proposed for highvoltage dc (HVDC) transmission [1] [2] [3] [4] . However, for drive applications, the M 2 C has several advantages when compared to other high-power converters, particularly for quadratic torquespeed profile loads, where a better performance has been reported [5] , [6] . Several publications, where experimental results are presented, have been discussed in the literature [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The topology of a high-power drive based on an M 2 C is shown in Fig. 1 . It is composed of an ac port, a dc port and six "clusters." Each cluster has n cascaded cells and an inductor L. Each cell is composed of a half-bridge circuit and its associated "flying" capacitor C.
Because of the large number of flying capacitors, one of the important tasks of the control systems is to maintain the voltage in each capacitor operating within an acceptable range. This control target is difficult to fulfil when the electrical machine is operating at zero or low rotational speed [12] , [13] . Therefore, for control purposes, the operating range of the M 2 C is usually divided into two modes: The high-frequency mode (HFM) and the low-frequency mode (LFM).
Control systems for both, HFM and LFM, have been presented and experimentally validated in [9] [10] [11] [12] . However, in these papers, the control systems are not decoupled. Therefore, cross couplings between control loops are possible, affecting the overall system performance. Moreover, in [9] [10] [11] [12] and [19] , the regulation of the currents and voltages is realized using proportional (P) or proportional-integral (PI) controllers. As is well known, these controllers are not appropriate for regulating the ac currents and voltages found in the M 2 C with zero steady-state error [21] . In [19] , a decoupled model of the M 2 C is proposed using a 6-D transformation of the converter signals to regulate the variables at each port and to perform the energy bal-ance of the M 2 C. However, the effectiveness of the algorithms proposed in [19] is difficult to evaluate because the presented experimental results do not show the tracking achieved for these signals in the proposed 6-D domain.
To balance the converter energy in the LFM, the use of circulating currents and common-mode voltages has been proposed and analyzed in several publications [12] [13] [14] [15] [16] , [22] . The waveforms proposed in the literature for the common-mode voltage and mitigation currents are sinusoidal signals with or without third harmonic injection [12] , [13] , square wave [12] , and hybrid mitigation signals [16] , [22] . In all these publications, the set points for the regulation of the mitigation currents are predefined offline. Therefore, the predetermined mitigation currents do not have any sort of closed-loop adaptation capability, which is required to compensate for possible changes in the parameters or operating points of the M 2 C-based drive. For instance offline predefined mitigation signals cannot compensate nonlinearities (e.g., dead times issues in the converter cells); nonidealities or simplifications in the power converter model (e.g., neglected inductor voltage in the energy model); the difficulties associated with measuring the stator voltage at low rotational speeds, etc. Moreover, in [12] [13] [14] [15] [16] , [19] , and [22] , P or PI controllers, implemented in the stationary frame, are utilized. As mentioned before, these controllers are not appropriate to regulate sinusoidal signals with zero steady-state error.
To solve the aforementioned problems, this paper proposes a new control system for the operation of the M 2 C-based drive. Moreover, to analyze the control system a vector-power-voltage (vP V ) model is presented in this paper. This model represents the dynamics of the topology shown in Fig. 1 using a compact notation with only four vector equations being required. Moreover, it is simpler to use this four-equation modeling to propose, analyze, and implement conventional dq-based vector control systems.
The proposed dq vector control system is based on a cascaded architecture, where the outer loop drives the imbalances in the capacitor voltages to zero by modifying the set-point value for the circulating currents, which are regulated with resonant controllers implemented in a synchronous rotating frame. Using some minor modifications, the proposed control scheme is suitable for operation in both the LFM and HFM.
The rest of this paper is organized as follows. Section II briefly discusses the conventional modeling of the M 2 C drive topology shown in Fig. 1 . Section III discussed the proposed vP V model and the vector control systems for operating at LFM and HFM. Section IV presents the experimental results obtained with a laboratory prototype. Finally, an appraisal of the proposed control systems is presented in the conclusions.
II. ANALYSIS OF THE M 2 C

A. Voltage-Current Model of the M 2 C
As often occurs in applications related to power converters, it is simpler to analyze the system using a different coordinate space. In this section, the ΣΔαβ0 transformation (which is partly based on the work presented in [23] ) is discussed.
Considering the M 2 C shown in Fig. 1 , the following currents can be obtained as a function of the cluster currents by using the [C] ΣΔ matrix, which considers the interaction of electrical variables among the converter poles
where the lower row of the resultant current matrix contains the ac port currents and the upper row contains currents that do not appear at the ac port, usually referred to as circulating currents [12] , [24] . However, (1) can be postmultiplied by the transpose Clarke transformation, [C] αβ 0 , to consider the interaction of the electrical variables among the converter phases of the M 2 C and to get the independent components of each kind of current, resulting in
where i Σ 0 = 1 3 i P and the zero-sequence current is i 0 = 0. The ΣΔαβ0 transformation applied to (2) could be used to transform any 2 × 3 matrix from PNabc coordinates to ΣΔαβ0 coordinates. Mathematically, this is written as
Hence, Kirchhoff's voltage law for every loop of Fig. 1 is applied to obtain the dynamic model of the cluster currents E 2 1 1 1
and applying the ΣΔαβ0 transformation to (4) yields
where v α , v β , i α , and i β are the αβ coordinates of the voltages and currents in the electrical machine, v 0 is the common-mode voltage and i Σ α and i Σ β are circulating currents, which are not present at any port. Using (5), it is simpler to propose and analyze an appropriate control system to regulate each independent current of the M 2 C shown in Fig. 1 .
B. Power-Voltage Model of the M 2 C
The sum of the capacitor voltages in a cluster (i.e., the available cluster voltage) is related with its instantaneous power by the following expression [10] , [25] :
P N a b c (6) where v * C is the voltage reference for the capacitor voltage in each cell. Notice that the powers in (6) (in a-b-c coordinates) are calculated using the current and voltage of each cluster (e.g., p 
where the powers in ΣΔαβ0 coordinates could be derived from (5) . After some manipulations yields
The meaning of these variables is discussed in the following sections.
III. PROPOSED CONTROL SYSTEM
A. vP V Model of the M 2 C
In this paper, a new vP V model of the M 2 C is proposed. This model allows a simple analysis and implementation of control strategies using vector control algorithms. Defining the power flows and the total cluster voltages as vectors, e.g., p
, and using the conventional vector notation for the currents and voltages, the vector model of (8a)-(8f) is obtained as
where the symbol "•" represents the dot product between vectors and the superscript "c" stands for the complex conjugated operator. In (9a), the vector p (9c)] is proportional to the power flow between the dc and ac ports and defines the change in the M 2 C total stored energy. The relationship between the powers of (9) and the voltages in ΣΔαβ0 coordinates is obtained from (7) .
If the control systems of the M 2 C-based drive depicted in Fig. 1 achieve perfect regulation of the capacitor voltages, then it is concluded from (6) and (7) that in steady state, the vector voltages in ΣΔαβ0 coordinates converge to
B. Analysis of the System Using the vP V Model for LFM
When the machine is operating at ω e ≈ 0 rad · s −1 , the stator voltage applied is low. Using (7) and (9b) yields
Analyzing (11) . Therefore, in this paper, a hybrid control strategy, based on the ac component of the common-mode voltage (i.e.,ṽ 0 ) and the circulating current (i.e.,ĩ Σ αβ ), is proposed to reduce the amplitude of v Δ C αβ during LFM operation. Thus, the set point value of the circulating currentĩ Σ αβ is defined as
where k is a constant, θ e = ω e dt, with ω e as the output frequency, and θ 0 a phase angle. The term f (t) is defined as
where the value of ω m is a degree of freedom, usually selected to be relatively high compared to ω e . Additionally,ṽ * as a square waveform of frequency ω m , i.e.,
Using (12) and (14) is relatively simple to demonstrate that v * 0ĩ Σ * αβ has a power term of frequency ω e , which could be used to mitigate the low-frequency power pulsations produced by the terms Ei αβ and v αβ in (9b). Ideally, these low-frequency signals are completely eliminated wheñ
where A = 1.57 is used in (13) as is discussed elsewhere [22] . In the following subsections, the control systems required for voltage balancing and mitigation of the power oscillations are going to be discussed. They are analyzed and designed using the vP V model depicted in (9a)-(9d).
C. Vector Control of the v
As discussed in several publications [12] [13] [14] [15] [16] , [22] , the most critical operating point of an M 2 C drive is when the electrical frequency is low and the machine is operating with a relatively high current. Moreover, ifĩ Σ * αβ is offline calculated using (15) , there are several issues, which can potentially hinder the correct mitigation of the low-frequency voltage pulsation in the M 2 C capacitors. Some of these issues have been discussed at Section I. Therefore, in this operating conditions, a control systems with good dynamic response and zero steady-state error is fundamental to achieve a proper regulation of the capacitor voltages. To fulfil these requirements, in this paper, a closed-loop vector control system for real-time regulation ofĩ Σ * αβ is proposed. The performance of this control system is good considering the high dynamic typically achievable with vector control techniques.
To analyze the proposed nested control loops in dqcoordinates, the dynamics of the system is referred to a synchronous frame. Therefore, replacing (7) in (9b) and referring to a dq-axis rotating at ω e yields
Notice that in (16) , one term producing relatively highfrequency power oscillations has not been considered. These oscillations are almost completely filtered out by the M 2 C capacitors and its effects are negligible.
The proposed nested control system is shown in Fig. 2 . The slower outer control loop regulates v Δ C dq , and the internal faster control loop regulates the circulating currentĩ Σ * dq . The voltage vector v Δ C dq , is controlled, with zero steady-state error, using PI controllers. The output of the external control loop is used to calculate the set point for the circulating currentsĩ Σ dq . For simplicity, the dq decoupling terms have not been considered in Fig. 2 , but they can be added to both control loops.
In the external loop at the output of the PI controllers, two feed-forward compensation terms are considered. These terms are obtained by transforming (15) to the dq-frame yielding
and they correspond to the conventional feed-forward terms used in the control strategies reported in [12] . In this paper, these terms are used only to improve the dynamic performance of the voltage control loop. However, if (for instance) some of the components in (17) are misidentified, the PI controllers still ensure zero steady-state error driving v Δ C dq to zero (i.e., eliminating the ω e frequency component in v Δ C αβ ). Analyzing (13) and (17) is concluded that the dq circulating currents have sinusoidal components of frequency ω m . Therefore, in this paper, resonant controllers are utilized to regulated these currents (see Fig. 2 ). Notice that the magnitude and phase ofĩ Σ * αβ (i.e., k and θ 0 ) are modified by the voltage control loop. This is certainly an advantage over the conventional mitigation algorithm, whereĩ Σ * αβ is predetermined in advance and P or PI controllers, implemented in the stationary frame, are used in the control system to balance the capacitor voltages [12] , [19] .
The output of the cascaded control systems shown in Fig. 2 are the clusters voltages in ΣΔαβ0 coordinates. These voltages are referred to the P N abc-frame using the inverse ΣΔαβ0 transformation in order to be processed by the cell balancing algorithm (see [26] ). In this paper, the angle θ e is the rotor-flux angle of the vector controlled induction machine. However, the control system proposed in Fig. 2 can be orientated along any other vector rotating at ω e rad · s −1 .
2) Operation at High Rotational Speed (HFM):
The M 2 C is operating in the HFM when the voltage oscillations in v Δ C αβ are relatively small and the circulation of the mitigation currents is no longer required to maintain this voltage bounded.
In the HFM, only the dc components of v Δ C αβ are regulated to zero. Hence, PI controllers implemented in the stationary frame are used, as is shown in the control system in Fig. 3 . To eliminate the components of frequency ω e from v Δ C dq , a filter is applied. Good performance and implementation simplicity have been obtained by using a high-pass filter implemented in a synchronous frame rotating at ω e (see Fig. 3 ). Notice that highpass filters implemented in a dq-frame are equivalent to notch filters in the stationary frame.
In previous work [19] , it was proposed to add a positive and negative sequence current of frequency ω e to i function f h (t) are defined as
where θ Δ αβ is defined as the electrical angle of the vector v
It is important to clarify that the electrical angle used to generate the common-mode voltage (3θ Δ αβ ) is not directly derived from the voltages applied to the machine stator. This is because the phase shift introduced by the voltage drops in the cluster inductances is not negligible.
3) Transition Between Modes: A simple method is used to switch between the low-frequency and high-frequency operating modes. Assuming that ω l is the highest frequency at which (only) the LFM is used and the transition zone is from ω l to ω h , the following weighting factors are defined:
These weighting factors are used to select the reference for current i Σ * dq for either HFM or LFM (see Figs. 2 and 3 ). For the experimental work presented in Section IV, the value of ω l is 20π rad · s −1 (ω r ≈ 500 r/min) and ω h is equal to 30π rad · s c that produce a power component of frequency 2ω e . However, for LFM operation, the magnitude of the stator voltage v αβ is small and the effects produced by this power term are typically negligible.
To avoid the oscillations introduced by the 2ω e frequency component at HFM operation, a notch filter (implemented synchronously) is applied to the feedback signal. The transition between modes is also realized using the weighting factors k l and k h . The output of the PI controllers is a dc component added to the circulating current reference i Σ * αβ (see Fig. 2 ). the bottom of Fig. 5 . However, when the machine is operating at low rotational speed, the input power is negligible and the current i P is very low. Therefore, in this case, the regulation of v Δ C 0 could require a large dc component in the common-mode voltage v 0 . To avoid this problem, in this paper, an alternative control method for LFM operation is proposed.
E. Control of the Voltages v
It is relatively simple, with a low control effort, to add an ac (ĩ P ) current superimposed to the main dc input current. If the currentĩ P has the same frequency and phase of f (t) [see (13)], then the voltage v Δ C 0 could be regulated by manipulating the amplitude of (ĩ P ) and the mean value of the power termĩ P v 0 in (9d). The proposed control system is shown in Fig. 5 . Notice that a resonant controller tuned at ω m could be required to regulatẽ i P . Moreover the use of an ac component superimposed to the main dc input current is dependent on the capacity of the dc power supply (feeding the M 2 C) to withstand operation with ac current components.
The selection of the control systems for HFM/LFM operation is again realized by using the weighting factors of (19) .
IV. EXPERIMENTAL SETUP AND RESULTS
In Fig. 6(a) , the experimental system implemented to validate the proposed control strategy is shown. In addition a picture of the experimental prototype is shown in Fig. 6(b) .
The M 2 C prototype is fed by a dc-link created by a sixpulse diode rectifier bridge and filter capacitors. The M 2 C output port is connected to a 3-kW, 2910 r/min, two-pole vector-controlled induction machine driving a permanentmagnet generator (PMG). The PMG is feeding a 3φ resistor bank emulating a quadratic torque-speed load. For the implementation of the indirect vector-control system [27] , a position encoder of 10.000 pulses per revolution is affixed to the induction machine. Hall effect transducers are used to measure the dc-link voltage, the capacitor voltage of the 18 cells and the cluster currents. To control the system a platform based on two field-programmable gate array (FPGA) boards (Actel ProA-SIC3), 40 14-bit analog-to-digital channels and the DSP Texas Instrument TMS320C6713 is used. Optical fibres are used to transmit the switching signals. The experimental parameters are summarized in Table I . All the control systems have been tuned using frequency domain linear control tools. The controllers are designed with the same tuning parameters to allow a fair comparison between different control methodologies. 
A. Experimental Results Considering Operation at ω r = 0
For this test, the rotor of the induction machine is mechanically locked and the stator currents are regulated to i d ≈ 2.2 A and i q =10 A. This is a very demanding condition for the M 2 C control system considering that the electrical frequency (close to 1.6 Hz) is equal to the slip frequency. Two control system have been implemented to obtain the experimental results shown in Fig. 7 . In both cases, the function f (t) was defined as in (13) and the common-mode voltage waveform was changed to a trapezoidal shape, with the edges of the 50-Hz trapezoidal wave varying between −100% and 100% of the peak value in approximately 1 ms. With this modification, the performance of the proposed control systems to operate when variations are produced in the M 2 C system is validated. To allow a fair comparison between different control methodologies, all the nested control loops discussed in this paper have been designed using identical tuning algorithms. First, for the inner control loops (see Fig. 2 ), the controller parameters have been calculated by solving the following constrained optimization problem:
where λ is the vector that contains the controller parameters, e is the tracking error, T s the sampling time, and M s is the sensitivity function [28] . Notice that a system with M S ≤ 2 is usually considered very robust [28] , [29] . Second, the parameters of the outer controllers are calculated by solving the following constrained optimisation problem:
where y(hT s ) is the system response and y * (hT s ) is the desired response, which is usually selected to fulfil a predefined control bandwidth. The main advantage of using the tuning procedures depicted in (20) and (21), is that identical loop robustness is achieved for both, the conventional and the proposed methodology.
In Fig. 7(a) , the results obtained by implementing the conventional control strategy reported in [12] and [19] are shown. In this case, the mitigation currents are offline calculated using (15) and the control systems are based on PI controllers implemented in the stationary frame. On the other hand, the results obtained by the mitigation currents regulated using the proposed control strategy are shown in Fig. 7(b) .
As shown in Fig. 7 , the peak-to-peak value of each capacitor voltage is reduced in 55% from approximately 11.9 to 6.6 V when the proposed mitigating method is applied. Notice that this reduction produces an increase of 11% in the cluster peakto-peak currents (from 34.4 to 38.3 A), because in this case, the feed-forward currents of (15) were underestimated. Both stator machine currents depicted in Fig. 7 (22.3-A peak-to-peak) shows little distortion and are well regulated.
As mentioned before, to test the performance of the proposed control systems, some of the experimental results have been obtained considering a trapezoidal waveform in the common-mode voltage. In this case, the values of dv/dt are reduced and the cluster voltage does not have hard voltage transitions between levels. This is depicted in Fig. 8 (yellow signal) , with the line-to-line voltage corresponding to the green signal. Notice that in Figs. 7 and 8, it is shown that the proposed control system is able to reduce the capacitor voltage oscillations even if the waveform ofṽ 0 defined in (14) Finally, an amplify view of some of the signals corresponding to the test of Fig. 7 are shown in Fig. 9 . In Fig. 9(a) , both circulating currents are shown, i.e., that obtained from the conventional control method and the one obtained with the proposed control method of Fig. 2 . The circulating currents have similar phase and different peak values. Fig. 9(b) shows the voltage v Δ C α achieved with both control methodologies. Notice that for the conventional control system, the 1.6-Hz oscillations are not eliminated from the capacitor voltage. The Fourier analysis of the frequency components in v Δ C α , for both control methodologies, is shown in Fig. 9 . For the conventional control methodology, there is a 20-V component at f ≈ 1.6 Hz, on the other hand, the proposed control method has a 0.7-V component at the same frequency. 
Fourier Spectrum. Blue: dq-based control, red: stationary frame control.
B. Dynamic Performance of the Proposed Control System
1) Performance Considering
Step Changes in the Machine Currents: The experimental results considering step changes in the machine currents are shown in Fig. 10 . The last stage, [t 3 → t 4 ], is the machine start-up by imposing a constant torque current of 8.5 A, as is shown in Fig. 10 (e) and (f). In this stage, the machine speed is increased to approximately 1600 r/min [see Fig. 10(a) ]. Notice that during LFM operation, which was defined below 10 Hz (close to 500 r/min), the magnitude of i amplitude balancing the energy in the M 2 C cells. In addition, for HFM operation, the current i P is relatively large, and due to this, a low dc component in the common-mode voltage is enough to maintain the voltage v
2) Dynamic Performance Considering a Ramp Variation in ω * r : To test the performance of the M 2 C-based drive in the whole speed range, including zero-speed crossing operation, the rotational speed profile shown in Fig. 11(a) is applied to the induction machine. The machine is accelerated from 0 to ±1700 r/min with a slope of ±1800 r/min/s [see Fig. 11(a) ]. During LFM operation (below 10 Hz), a small ac component is superimposed in the dc input current to facilitate the regulation of v Δ C 0 [see Fig. 11(c) and (i) ]. Therefore, some noise and oscillations are present in this current, which are also related to the application of the common-mode voltage. However, this is not a problem since the motor currents are not affected [see Fig. 11(d) and (e) ]. Moreover, in this paper, is assumed that the dc port power supply can safely operate with (small) ac signals superimposed in i P . In Fig. 11(g) , the αβ components of the voltage vector v Δ C αβ are depicted. These voltage components are well regulated dur- 
ing LFM operation, showing the effectiveness and good dynamic response of the proposed control system. Moreover, the voltages v Σ C αβ and v Σ C 0 are also tightly regulated [see Fig. 11 (f) and (h)]; hence, the total cluster voltages are well controlled for LFM operation, as shown in Fig. 11(b) .
When the transition zone is reached, the output signals of the LFM/HFM control systems are weighted up by the factors k l and k h defined in (19) . During this transition, the oscillations of the cluster voltages are less than 30-V peakto-peak, representing a variation of ±3.1% respect to the nominal value (3v C * = 480 V). During HFM operation, neither the ac component in i P nor the mitigating signals of (15) are applied. Therefore, only the dc components of the ΣΔαβ0 voltages are regulated. Moreover, the amplitude of the oscillations in the ΣΔαβ0 voltages decreases when ω r increases. Therefore, they are relatively simpler to control. This is shown in Fig. 11(f)-(h From the experimental results depicted in Fig. 11 , it is also concluded that the magnitudes of the oscillations produced when the machine is regenerating energy to the dc-link power source are smaller than those produce when the machine is motoring. This is because, for this test, the amplitudes of the machine currents and i P current are reduced during regeneration. To the best of our knowledge, this is the first time that regenerative and zero-speed crossing operation of an M 2 C-based drive are experimentally implemented using a vector-controlled induction machine fed by an M 2 C.
V. CONCLUSION
In this paper, a new and comprehensive vP V model of the M 2 C-based drive has been presented. Using this model, it is simple to analyze the converter dynamics and it can be used to design and implement vector control strategies to balance the power converter, mitigate low-frequency voltage oscillations, regulate the input/output energy transfer, etc.
Using the vP V model, a novel dq-based vector control strategy for LFM operation has been presented, analyzed, and experimentally validated in this paper. This control methodology balances the capacitor voltages, as well as mitigates the lowfrequency (ω e ) capacitor voltage oscillations using nested control loops implementing PI and resonant controllers.
The proposed modeling and vector control systems have also been applied to HFM operation. In all the cases, i.e., LFM and HFM operation, decoupled control of the voltages in the ΣΔαβ0-space is achieved by using circulating currents and common-mode voltage of different frequencies. All the control strategies proposed in this paper have been analytically discussed and experimentally validated using an M 2 C-based drive prototype. The dynamic and steady-state performance of the proposed control methodologies have been tested, considering M 2 C starting up, step changes in both the torque and magnetising currents, speed ramps, zero-speed crossing test, motoring and generating operation, rotor-locked operation, etc. In all the cases, the performance achieved has been excellent.
When compared to the control strategies reported in the literature, the proposed control system produces a higher computational burden, which is mostly required to implement several controllers, and to transform current and voltage signals from abc-coordinates to ΣΔαβ0 and dq-coordinates. However this extra computational burden can be easily handled by a modern DSP, e.g., in this paper, the implementation of the whole control system for an 18-cell converter, has been relatively simple to realise using a low-cost commercial DSP augmented by FPGFA boards.
